Increased adipose tissue that is caused by high-fat diets (HFD) results in altered storage of lipophilic toxicants like 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which may further increase susceptibility to metabolic syndrome. Because both TCDD and HFD are associated with increased breast cancer risk, we examined their effects on metabolic syndrome-associated phenotypes in three mouse models of breast cancer: 7,12-dimethylbenz[a]anthracene (DMBA), Tg(MMTVNeu)202Mul/J (HER2), and TgN(MMTV-PyMT)634Mul/J (PyMT), all on an FVB/N genetic background. Pregnant mice dosed with 1 g/kg of TCDD or vehicle on gestational day 12.5 were placed on a HFD or low-fat diet (LFD) at parturition. Body weights, percent body fat, and fasting blood glucose were measured longitudinally, and triglycerides were measured at study termination. On HFD, all cancer models reached the pubertal growth spurt ahead of FVB controls. Among mice fed HFD, the HER2 model had a greater increase in body weight and adipose tissue from puberty through adulthood compared with the PyMT and DMBA models. However, the DMBA model consistently had higher fasting blood glucose levels than the PyMT and HER2 models. TCDD only impacted serum triglycerides in the PyMT model maintained on HFD. Because the estrogenic activity of the HFD was three times lower than that of the LFD, differential dietary estrogenic activities did not drive the observed phenotypic differences. Rather, the HFD-dependent changes were cancer model dependent. These results show that cancer models can have differential effects on metabolic syndrome-associated phenotypes even before cancers arise. obesity; metabolic syndrome; 2,3,7,8-tetrachlorodibenzo-p-dioxin; Tg(MMTV-Neu)202Mul/J; TgN(MMTV-PyMT)634Mul/J; dimethylbenz[a]anthracene
insensitivity and type II diabetes. Additionally, excess adipose tissue results in increased storage of fatty acids and triglycerides in peripheral tissues (38) . Abundant adipose tissue also causes excess endocrine signaling and estrogen aromatization, which in turn increase adipose proliferation, body weight, and fasting blood glucose (2, 31, 46, 47) . Peripheral estrogen aromatization by excess adipose tissue is also thought to contribute to the increased postmenopausal breast cancer risk among obese women (14, 41) .
Individuals that have metabolic syndrome or that are obese usually have higher consumption of fatty foods from animal origin, which is associated with a greater body burden of lipophilic endocrine disruptors such as 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD) (16, 18, 21, 34) . Elimination of TCDD is slowed substantially as body fat increases (10, 32) . Consequently, obese individuals may have unique susceptibilities to the effects of TCDD and other lipophilic endocrine disruptors.
Although the effects of high doses of TCDD are a depletion of both lean and adipose tissue that results in a wasting syndrome (36) , the effects of low doses of TCDD seem to shift away from body compositional changes to endocrine disruption and promotion of diseases associated with metabolic syndrome like type II diabetes. Human exposure to TCDD results in an increase in serum insulin levels, an earlier diabetes onset, and diabetes-associated mortality in females (7, 8, 19) .
While there is evidence that TCDD exposure and high-fat diet (HFD) interact and affect metabolic syndrome, little is known about how these exposures may differentially impact metabolic syndrome based on the type of breast cancer. Breast cancers can be partitioned into distinct subtypes that represent unique histopathologies, genetic alterations, treatment responses, and perhaps risk factors (20) . Because of this human breast cancer diversity, multiple mouse models have been used to recapitulate clinically significant aspects of initiation, progression, and invasion.
Two human breast cancer subtypes are estrogen receptor (ER)-negative and have poor prognosis (42, 43) ; one of these subtypes has basal/myoepthilial cell characteristics (basallike). Basal-like subtypes represent 5-10% of breast cancers and include those with BRCA1 and HRAS mutations (20) , which are involved in proliferation and invasion (33) . The other ER-negative breast cancer subtype has high ERBB2 (HER2) expression (49) . Similar to these human breast cancers, the 7,12-dimethylbenz[a]anthracene (DMBA) carcinogen-induced mouse model of breast cancer results in hyperactivation of Hras and heightened proliferation (3, 20) . Luminal-type breast cancers represent a third subtype, and prognosis for these can be good (luminal A) or bad (luminal B) (42, 43) . The TgN(MMTV-PyMT)634Mul/J (PyMT) transgenic mouse model has characteristics of the luminal subtype of breast cancer (20) .
To elucidate differential consequences of the interaction between dietary fat and TCDD exposure on metabolic syndrome-associated phenotypes, three mouse models of breast cancer were exposed maternally to low-dose TCDD in combination with either a HFD or a lower-fat, matched control diet (LFD). To directly compare metabolic syndrome-associated phenotypes, all three models were maintained on a uniform FVB/N genetic background, which is susceptible to TCDD toxicity and diet-induced obesity (5, 14, 25, 29, 30) .
MATERIALS AND METHODS
Chemicals. DMBA (98% pure), 17␤-estradiol (98% pure E2), and 5␣-androstan-17␤-OL-3-one (99% pure DHT) were purchased from Sigma-Aldrich (St. Louis, MO). TCDD was purchased from Ultra Scientific (99.9% pure, North Kingstown, RI). DMBA and TCDD were dissolved in 95:5% olive oil-toluene by volume (Certified ACS; Sigma-Aldrich) and used at 25 mg/ml and 0.5 ng/l stock concentrations, respectively. Dosing was at 2.4 l DMBA solution/g mouse and 1.8 -1.9 l TCDD solution/g mouse. In the diet activity assays, TCDD, E 2, and DHT were dissolved in dimethyl sulfoxide (DMSO; Certified ACS, Fisher Scientific, Pittsburg, PA), and activity levels were determined as described below.
Diets. The HFD (4.73 kcal/g, D12451; Research Diets, New Brunswick, NJ) was composed of 20% protein, 35% carbohydrate, and 45% fat by total kilocalories, whereas the LFD (3.85 kcal/g, D12450B; Research Diets) was composed of 20% protein, 70% carbohydrate, and 10% fat by total kilocalories. The primary differences between the matched diets are increased maltodextrin and lard and decreased cornstarch and sucrose in the HFD compared with the LFD (400, 1,598, 291, and 691 kcal vs. 140, 180, 1,260, and 1,400 kcal, respectively). The LFD has fat levels that fall within the range commonly found in standard rodent chows, but much lower than the typical human diet in the United States.
Mice and husbandry. All three mouse models of breast cancer were on the FVB/N (FVB) background. Nulliparous female FVB mice were mated with male hemizygous FVB-Tg(MMTVNeu)202Mul/J (HER2) mice (Jackson Laboratories, Bar Harbor, ME) to generate female pups for the HER2 model, representing ER-negative, HER2-positive breast cancers (20, 48) . Nulliparous female FVB and male hemizygous FVB-TgN(MMTV-PyMT)634Mul/J (PyMT) mice (NCI MMHCC Repository, Frederick, MD) were crossed to generate female offspring for the PyMT model, representing ER-negative luminal breast cancers (13, 20, 37) . Nulliparous female and male FVB mice were mated to produce female pups used in the DMBA model, representing basallike breast cancers (20) , as well as untreated FVB controls. Six litters per treatment were used for the DMBA model because of the added variability associated with carcinogen models, while three litters were used per treatment for the HER2 and PyMT models.
Mice carrying the PyMT transgene were identified using primers 5Ј-AACGGCGGAGCGAGGAACTG and 5Ј-ATCGGGCTCAGCA-ACACAAG (Operon, Huntsville, AL) and a PCR protocol previously described (Jackson Laboratories) (23) . Mice carrying the HER2 transgene were identified using PCR primers 5Ј-TTTCCTGCAGCAGC-CTACGC and 5Ј-CGGAACCCACATCAGGCC (37) . Mice were housed in HEPA-filtered ventilated cages with food and water provided ad libitum. Care and treatment of the mice complied with the guidelines of the Animal Welfare Act under an Institutional Animal Care and Use Committee-approved protocol. Mice were killed by carbon dioxide asphyxiation once tumors reached 1 cm in diameter or at 11 mo of age, whichever came first. FVB control mice were killed by carbon dioxide asphyxiation at postnatal day (PND) 121.
Treatment and experimental groups. The effects of diet and TCDD were studied in a randomized 2 ϫ 2 factorial design (Fig. 1) . Noon on the day that a vaginal plug was observed was designated at 0.5 days postcoitus (dpc). On 12.5 dpc, 1 g/kg of TCDD was administered by oral gavage to pregnant FVB (n ϭ 12), PyMT (n ϭ 6), and HER2 (n ϭ 3) dams or the equivalent volume of vehicle to pregnant FVB (n ϭ 18), PyMT (n ϭ 6), and HER2 (n ϭ 3) dams. From parturition at PND 0, dams were fed one of the two standardized diets, and their respective pups were weaned at PND 21 on the same diet until death. FVB and PyMT litters were assigned to HFD or LFD symmetrically with respect to TCDD exposure status, whereas HER2 litters from TCDD-exposed dams were assigned to HFD only; the HER2 model has been analyzed extensively previously using diets equivalent to the LFD and shown to not differ from FVB controls (5) . In total, 30 FVB, 12 PyMT, and 6 HER2 litters were fed HFD or LFD. Litters were culled to four mice at PND 4, maximizing the number of females with the desired genotype. At PND 35, 49 , and 63, 60 mg/kg of DMBA were administered by oral gavage to 24 FVB litters. The remaining six FVB litters served as controls. DMBA and HER2 mice were palpated weekly for tumors beginning at PND 83; PyMT mice were palpated for tumors three times per week beginning at PND 35.
Body composition. At PND 0, body mass was determined by dividing the total litter mass by the number of pups within the litter. Individual body masses were evaluated at PND 4, 7, 10, 14, 21, 35, 49, 63, 90, 120, 150, 180, 210, 240, 270 , 300, and 330. At PND 35, 90 , and 180, all mice were placed under isoflourane anesthesia for ϳ5 min while undergoing dual-energy X-ray absorptiometry (DEXA; GE Lunar PIXImus, Madison, WI) to evaluate percent body fat.
Blood chemistry. Following a 24-h fast at PND 35, 120, 180, 240 , and 300, blood glucose levels were measured longitudinally using a ThermaSense FreeStyle blood glucose kit (Alameda, CA). Immediately following euthanasia, blood was drawn from the inferior vena cava, and serum was stored at Ϫ80°C for triglyceride analysis using the StanBio Laboratories Enzymatic Triglycerides Procedure 2150 (Boerne, TX).
Nuclear receptor activity assays. Approximately 10 g of each diet were crushed with a mortar and pestle and extracted three times with 20 ml of toluene (nonpolar extract) or ethanol (polar extract). The extract was allowed to settle before passing the supernatant through a Celite filter column. The column was rinsed with 20 ml of toluene or ethanol. The toluene or ethanol extracts were dried and resuspended in 4 ml of the same solvent. Aliquots of polar (200 l) and nonpolar (300 l) suspensions were mixed with 3.5 l of DMSO, and the solvents were removed by vacuum centrifugation before the remaining DMSO was mixed with 350 l of culture media. Each diet extract was analyzed for its ability to activate expression of an ER-, androgen receptor (AR)-, or aryl hydrocarbon receptor (AhR)-dependent firefly luciferase reporter gene in stably transfected human ovarian (BG1), human breast cancer (T47D), and mouse hepatoma (Hepa1c1c7) cell lines, respectively (15, 39, 50) .
Concentration-dependent reporter gene induction was determined by analysis of the inducing potency of a serial dilution of each sample extract (100 l/well). Cells (75,000) were plated in sterile COSTAR white clear-bottomed 96-well tissue culture microplates (Corning, Corning, NY) and allowed to attach for 24 h before chemical treatment. For the ER bioassay, cells were maintained in estrogen-stripped media for 5 days before plating to reduce background estrogen activity. Cells were incubated with diet extracts, carrier DMSO solvent (1% final solvent concentration), or increasing concentrations of E 2, DHT, or TCDD standards for 24 h at 37°C. After 24 h of incubation, all microplate wells were washed two times with PBS before addition of 50 l of cell lysis buffer (Promega, Madison, WI) and shaking for 20 min at room temperature to facilitate cell lysis. The plates were inserted in a Berthold microplate luminometer (Spectranalyzed Berthold Detection Systems, Bleichstrasse 56 -68, Pforzheim, Fig. 2 . Metabolic syndrome-related phenotypes in DMBA mice. High-fat diet (HFD) increases body weight (A), percent body fat (B), and blood glucose (C) over the low-fat diet (LFD). Longitudinal models are depicted per diet with 95% confidence intervals, and diet-based mean is plotted for LFD (E) and HFD (F). For body weight measurement at PND 0, 4, 7, 10, 14, 18, 21, 28, 35, 49, 63, 90, 120, 150, 180, 210, 240, 270 Germany), and luciferase activity in each well was measured over 10 s after a 2-s delay following automatic injection of 50 l Promegastabilized luciferase reagent (15, 39, 50) . Luciferase activity in each well was expressed relative to the maximal inducing concentration of the respective positive control (E 2, DHT, or TCDD).
Statistical analysis. All statistical analyses were performed with SAS software, version 9.0 (SAS Institute, Cary, NC). Monophasicand diphasic-sigmoidal models of change in body mass over time (26, 28) were evaluated for all cancer models and controls according to y t ϭ ¥i (ai {1 ϩ tanh[bi (t Ϫ ci)]}) using the nonlinear regression procedure (PROC NLIN), where yt is the predicted body weight in grams (g) at age t, i is the number of phases, ai is half the asymptotic value of y in phase i, bi is a growth parameter in phase i, and ci is the age at the inflection point of phase i. It follows that, when i ϭ 1, parameters a 1, b1, and c1 describe growth in prepubertal mice and, when i ϭ 2, parameters a2, b2, and c2 describe growth in postpubertal mice. a1 is the body weight (g) at the maximum prepubertal growth rate, 2a1 ϩ a2 is the body weight (g) at the maximum postpubertal growth rate, a1b1 is the maximum prepubertal growth rate (g/PND), a2b2 is the maximum postpubertal growth rate (g/PND), c1 is the age at the maximum prepubertal growth rate (PND), and c2 is the age at the maximum postpubertal growth rate (PND).
Changes in fasting blood glucose and percent body fat over time were modeled longitudinally with PROC MIXED, a model that accounts for both fixed (e.g., exposures) and random effects. Because pregnant dams were exposed to TCDD, the litter was used as a random effect. Median triglycerides per litter were evaluated using ANOVA and Student's two-way t-test for all pairwise comparisons at an ␣ level of 0.05. Tumor presence and tumor size had no effect on fasting blood glucose, body weight, or percent body fat and were not included as random effects. This model is robust against sample size variance due to attrition, weekends, and holidays.
For nuclear receptor activity assays, mean relative light units were determined at each concentration in both toluene and ethanol extracts for standard and diet samples. From this, the effective extract concentration giving 50% of the maximal induction response was calculated for each standard in both toluene and ethanol extracts. The percent effective concentration (EC [x]) of each diet was then determined in both toluene and ethanol extracts. ANOVA was used to assess significance of induction equivalents, as a ratio of the EC [x] value of the sample and the equivalent value from the standard curves, between diet samples for each standard and solvent combination.
RESULTS

HFD increases longitudinal body weight.
The effect of dietary fat on body weight was determined by analyzing the interaction between body weight and age using individual mice. HFD increased the body weight and growth of mice from the DMBA and PyMT models, but not of FVB control mice.
Because mice from the HER2 model were only raised on HFD, no diet comparisons were performed with this model. Neither TCDD nor tumor presence had an effect on body weight for any model.
For mice from the DMBA model, the diphasic sigmoidal model of growth fit best (r 2 ϭ 0.945) (28) . At prepubertal time points before DMBA treatment, HFD increased the maximum growth rate and decreased the age at the maximum growth rate of mice compared with LFD (P Ͻ 0.01; Fig. 2A and Table 1) . Similarly, HFD also increased the maximum growth rate of mice from the DMBA model at postpubertal time points as well as the weight at the maximum growth rate (P Ͻ 0.001). DMBA mice maintained on HFD had higher body weights compared with mice maintained on LFD from PND 4 until PND 300 (P Ͻ 0.01), when there were insufficient mice on HFD still surviving for comparison.
The monophasic sigmoidal model of growth fit best for mice from the PyMT model (r 2 ϭ 0.989) (28) . Similar to mice from the DMBA model, prepubertal PyMT mice maintained on HFD had a faster maximum growth rate and decreased age at the maximum growth rate than those maintained on LFD (P Ͻ 0.01 and 0.05, respectively; Fig. 3A and Table 2 ). Mice from the PyMT model maintained on HFD were also heavier at the maximum growth rate than those maintained on LFD (P Ͻ 0.05); there was a trend of increased body weight with the HFD in the PyMT model across all ages, although it was only significant between PND 14 and 35 (P Ͻ 0.05).
HFD increases longitudinal percent body fat. The effect of dietary fat on percent body fat was analyzed as an interaction between diet and PND for individual mice over time, with litter as a mixed effect. Similar to body weight, neither perinatal TCDD nor tumor presence caused a change in percent body fat.
Percent body fat was greater in mice from the DMBA model maintained on HFD compared with those maintained on LFD at all ages measured (P Ͻ 0.01; Fig. 2B ), with the effect of HFD becoming more pronounced with aging (P Ͻ 0.0001). This trend was similar to that seen for the PyMT model, where percent body fat increased with time in mice maintained on HFD but not on LFD, causing a significant dietary-induced difference in percent body fat by PND 90 (P Ͻ 0.05; Fig. 3B ). Relative to LFD, maintenance on HFD resulted in increased percent body fat in FVB control mice at PND 35 (P ϭ 0.05) but not at PND 90 (data not shown). Unlike mice from the DMBA and PyMT breast cancer models, control FVB mice were resistant to diet-induced adiposity. (28) . See text for parameter definitions. *P Ͻ 0.05, significant differences between diets.
HFD increases longitudinal fasting blood glucose. Fasting blood glucose was modeled as an interaction between dietary fat and PND on individual mice using litter as a mixed effect. Consistent with elevated percent body fat, fasting blood glucose was significantly elevated in mice from the DMBA model maintained on HFD compared with those on LFD at all ages after PND 35 (P Ͻ 0.05; Fig. 2C ). The differential effects of diet increased with aging (P Ͻ 0.0001). Fasting blood glucose was not affected by diet in FVB control mice at PND 35 or 120 (data not shown), nor in the PyMT cancer model mice at PND 35 (Fig. 3C) .
HFD and TCDD depress serum triglycerides. Unlike body fat and fasting blood glucose, serum triglycerides were affected by TCDD; thus, ANOVAs were performed on the medians of litter triglyceride values. Dietary fat and TCDD had no effect on triglycerides in mice from the DMBA model or FVB control mice (Fig. 2D) . However, triglycerides were significantly depressed in mice from the PyMT model by a combined exposure of HFD and TCDD (P Ͻ 0.01; Fig. 3D) .
Differences among models in the longitudinal effects of HFD. Mice from the DMBA and PyMT breast cancer models had faster maximum prepubertal growth rates than FVB control mice (P Ͻ 0.05; Table 3 ). Mice from the DMBA and HER2 models weighed the least and most, respectively, at their maximum prepubertal growth rates, possibly reflecting differences in their age of maximum prepubertal growth rate. FVB control mice reached their maximum prepubertal growth rate later than mice from the breast cancer models. By PND 35 and continuing through adulthood at PND 180, mice from the HER2 model were heavier than all others (P Ͻ 0.01; Table 4 ). After PND 180, there was no difference between weights or growth trajectories of mice from the HER2 and DMBA models.
Trends for percent body fat in the three models of breast cancer were similar to trends in body mass. Mice from the HER2 model had a higher percent body fat early in life than mice from the DMBA and PyMT models, or FVB control mice (P Ͻ 0.01), but by PND 180 percent body fat was similar between mice from the DMBA and HER2 models (Table 4) . Percent body fat did not differ at any age among mice from the DMBA and PyMT models, or the FVB control mice.
Mice from the DMBA model had higher fasting blood glucose than those from the PyMT and HER2 models at PND 35 (P Ͻ 0.05; Table 4 ). However, by PND 120, mice from both Fig. 3 . Metabolic syndrome-related phenotypes in PyMT mice. HFD increases body weight (A), percent body fat (B), but not blood glucose (C; n ϭ 17 and 18 mice for LFD and HFD, respectively). D: triglycerides are altered by HFD and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (means Ϯ SE; n ϭ 6, 6, 5, and 5 mice for LFD ϩ vehicle, LFD ϩ TCDD, HFD ϩ vehicle, and HFD ϩ TCDD, respectively). In A-C, longitudinal models are depicted per diet with 95% confidence intervals, and diet-based mean is plotted for LFD (E) and HFD (F). For body weight measurements at PND 0, 4, 7, 10, 14, 18, 21, 28, 35, 49 Age at maximum growth rate, PND 18.9 (0.45)* 17.6 (0.41)*
Values are means (ϩSE). PyMT, TgN(MMTV-PyMT)634Mul/J. Parameters were estimated from a monophasic sigmoidal curve (28) . See text for parameter definitions. *P Ͻ 0.05, significant differences between diets.
the DMBA model and FVB control had higher fasting blood glucose than those from the HER2 model (P Ͻ 0.05). This divergence increased throughout the duration of the study.
Mice from the HER2 model maintained constant levels of fasting blood glucose over time, whereas mice from the DMBA model continued to increase until PND 300. There were no differences among the models of breast cancer or controls in their serum triglyceride levels, despite differences in age at death (Table 4) .
LFD has higher nuclear receptor activity than HFD. Differences between HFD and LFD with regard to the presence of endocrine-disrupting chemicals could underlie their differential effects on metabolic syndrome-associated phenotypes (45) . Accordingly, both diets were analyzed for their ability to activate ER, AR, or AhR using luciferase reporter gene assays. Dose-response studies revealed that little or no AR-or AhRdependent reporter gene expression was observed using polar and nonpolar extracts from either diet (data not shown). In contrast, significant induction of ER-dependent reporter gene expression was observed using nonpolar extracts from both diets (Table 5) ; little or no ER-dependent activity was observed using polar extracts. Comparison of ER-dependent reporter gene expression levels using dose-response analysis revealed that the overall estrogenic activity of the LFD was three times greater than that of the HFD (P Ͻ 0.01), opposite to that expected if differences in diet-derived estrogenic activities were responsible for the metabolic syndrome-associated phenotype differences.
DISCUSSION
Metabolic syndrome and breast cancer are traits with complex etiologies driven in part by disrupted endocrine signaling.
With the increasing prevalence of metabolic syndrome in humans, it is critical to characterize the susceptibility of those with metabolic syndrome to environmental endocrine disruptors. Through a cross-model comparison using three mouse models of breast cancer on a uniform genetic background, we have provided insights into the contribution of different types of breast cancers to diet-induced metabolic syndrome-associated phenotypes.
Body composition. We observed that age-dependent differences in percent body fat due to diet, consistent with reports that the DMBA, PyMT, and HER2 models are sensitive to dietary fat and obesity (12, 14, 29) . We did not observe any dietary effects on FVB control body weight or percent body fat, as expected, based on the literature (30) . This difference may be due to several differences between studies, such as mouse age and specific HFD used. Whereas DMBA and FVB did not differ in body weight or percent body fat at PND 35 (before DMBA exposure), growth modeling suggested DMBA and FVB were growing differently before DMBA exposure. Sampling error may have caused an apparent effect in the DMBA model, or, alternatively, the sum growth trajectory due to DMBA treatment may have impacted the apparent growth model enough to result in differential growth between DMBA and FVB before DMBA treatment. Although HER2 mice were not fed LFD in the present study, in another study using a comparable LFD, the body weight of HER2 was similar to what was seen in FVB control mice here [23.3 Ϯ 0.4 vs.
Ϯ 0.4 (SE) g] (5).
The body weight and fat accumulation seen in the HER2 model, relative to the other models or FVB control, may be due to the biology of the model (27) . HER2 is part of the receptor family involved in the mitogen-activated protein kinase prolif- Values are means (ϮSE), with significant differences between breast cancer models that do not share a letter a, b, or c (P Ͻ 0.05). Parameters were estimated from monophasic and diphasic sigmoidal curves (27) . Values are means (ϮSE), with significant differences between breast cancer models that do not share a letter a or b (P Ͻ 0.05). Means were estimated from monophasic and diphasic sigmoidal curves for BW (body weight, g) (27) , from linear mixed models for fasting blood glucose (glucose, mg/dl) and body fat (%), and from ANOVA for serum triglycerides (TAG, mg/dl). eration pathway, and overexpression of HER2 may lead to greater mammary adiposity. Consistent with a link between HER2 and obesity, women with HER2-positive breast cancer are more likely to be overweight/obese than women without cancer (24) . The increased adiposity in the HER2 model is also supported by results showing that higher ERBB2 (HER2) activity levels decrease preadipocyte differentiation, which is permissive of clonal adipocyte expansion (17) . Because low transcript levels of the HER2 transgene have been detected in the thymus, it is also possible that the adiposity of this model was driven by thymic endocrine changes (22, 40) .
Fasting blood glucose. We observed a general resistance to dietary effects on fasting blood glucose levels among the models of breast cancer. The PyMT and HER2 models as well as the FVB controls were resistant to HFD induction of elevated blood glucose levels. In contrast, the DMBA model appeared to develop impaired glucose tolerance, a risk factor of both metabolic syndrome and type II diabetes (10a), in response to HFD.
The variation in fasting blood glucose levels among cancer models demonstrates the independent etiologies of their metabolic syndrome-associated phenotypes. The HER2 model had greater adiposity than the DMBA model, yet the inverse was true with respect to fasting blood glucose levels. These two metabolic syndrome-associated phenotypes are typically highly correlated (9) .
TCDD. Exposure to TCDD in humans is associated with an increased risk for diseases linked to metabolic syndrome like type II diabetes. However, there are yet no animal models for low-dose TCDD-associated changes in diabetes risk. Our results are consistent with previous observations that the TCDD wasting syndrome is only a high-dose phenomena since we did not detect any influence of maternal TCDD exposure on longitudinal changes in body mass, percent body fat, or fasting blood glucose. The only exception was serum triglycerides.
Triglycerides. Our low-dose TCDD results clarify previous conflicting reports and suggest that serum triglycerides are decreased by acute TCDD exposure (1, 4, 35, 44) . We also found that increased dietary fat increases susceptibility to TCDD-induced changes in triglycerides. Interestingly, the interaction between dietary fat and TCDD on triglycerides was only observed with the PyMT model, underscoring the importance of defining susceptibility in terms of specific gene-byenvironment interactions.
In summary, here we show that three mouse models of breast cancer, driven by specific oncogenes or induced by a carcinogen, can differentially impact the presentation of metabolic syndrome-associated phenotypes. Exposure to HFD caused variation in metabolic syndrome-associated phenotypes among these widely used mouse models. In the DMBA model, HFD caused a modest change in body fat but a large change in fasting glucose level. Conversely, HFD in the HER2 model resulted in a large change in body fat without changing fasting glucose levels. In the PyMT model, HFD caused a large change in body fat and triglycerides without changing fasting glucose levels. The variation observed among different mouse models of breast cancer in response to HFD and maternal TCDD exposure may have utility in elucidating the mechanisms of those metabolic syndrome-associated phenotypes that are etiologically linked to breast cancer risk. Values are meanss, based on triplicates. E2, 17␤-estradiol. *Interdiet significant differences using ANOVA (P Ͻ 0.05).
